Abstract: Heterogeneous atom transfer radical polymerization of styrene initiated by N-bromosuccinimide in bulk was successfully carried out with CuBr/2,2'-bipyridine as the catalyst. The kinetics follow first order in monomer and molecular weights (polydispersities M w /M n = 1.23 -1.66) increase linearly with monomer conversion, indicating the 'living'/controlled nature of the polymerization. However, the number-average molecular weights were usually higher than the theoretical ones. That demonstrates the relatively low efficiency of the initiator, the causes of which are discussed. The obtained polystyrenes functionalized with α-α-pyrrolidine-2,5-dionyl and ω-Br as the end groups were characterized by 1 H NMR spectroscopy. They can be used as macroinitiators for chain extension reaction. A polymerization mechanism for this novel initiation system is proposed.
Introduction
In recent years, atom transfer radical polymerization (ATRP) has been an active area of polymer synthesis due to the diversity of vinyl monomers and complex architecture polymers [1] [2] [3] [4] [5] [6] . It is based on the reversible dynamic equilibrium between the active and the dormant species catalyzed by a transition metal complex. As a multicomponent system, ATRP is composed of the monomer, the initiator, the catalyst and some additives. Among them, the initiator is very important because it has to form an initiating radical species via homolytic cleavage of its labile bond such as C-halogen by the catalyst [6] . In early stages, the initiators employed in ATRP were mainly alkyl halides. In 1995, an alkyl chloride (1-phenylethyl chloride, 1-PECl) and carbon tetrachloride (CCl 4 ) were almost simultaneously reported by Matyjaszewski et al. [6] and Sawamoto et al. [3, 7] In these two ATRP systems, the kinetics of polymerization was first order and the number-average molecular weight increased linearly with monomer conversion with narrow polydispersities. Afterwards, other organic halides, such as haloketones, haloesters, haloamides, halonitriles and sulfonyl halides were successfully employed in conventional ATRP [6, 7] . The initiators used in ATRP were reviewed by Sawamoto et al. [7] and Matyjaszewski et al. [6] .
So far, in the area of ATRP, most of the initiators successfully studied are organic halides with a potentially active carbon-halogen bond because fast initiation is vital to obtain well-defined polymers with narrow polydispersities [6] . However, in some cases, slow initiation resulting from high stabilization of the initiating radical may cause uncontrolled polymerization and high polydispersities of obtained polymers, 1 thus, some halogens (R-X, X = I) are not powerful according to the results reported [6, 7] . The other aspect of the initiators is that the initiators used determine the molecular weight of the obtained polymers and its end groups. So the initiator should be selected carefully according to its structure and the catalyst.
As a mild and regiospecific brominating reagent, N-bromosuccinimide (NBS) was used in Wohl-Ziegler reactions and many functional substances were synthesized [8] [9] [10] . The latter, such as α-haloesters, α-haloketones, α-halonitriles and α-haloamides, may be employed as initiators in ATRP. Recently, N-bromosuccinimide (NBS) has been used in the functionalization of polymer end groups, e.g., the ethylene-propylene-diene terpolymer (EPDM) was brominated by NBS and brominated EPDM (EPDM-Br) was produced, which can initiate other vinyl monomers to synthesize graft copolymers [11] . However, to the best of our knowledge, direct use of NBS as an initiator in ATRP has not been reported. In this article, we report on the ATRP of styrene initiated by NBS with CuBr/bpy as the common catalyst.
Experimental part

Material
Styrene (St) (Chemically Pure, Shanghai Chemical Reagent Co. Ltd.) was purified by washing with 5% sodium hydroxide aqueous solution, followed by washing with water. It was dried with anhydrous sodium sulfate overnight, and finally distilled over CaH 2 in vacuum before use. Copper(I) bromide (CuBr) (CP, Shanghai Chemical Reagent Co. Ltd.) was purified by washing with acetic acid and acetone, and then dried in vacuum. N-Bromosuccinimide (NBS) (Analytical Reagent, Shanghai Chemical Reagent Co. Ltd.), 2,2'-bipyridine (bpy) (Analytical reagent, from Shanghai Chemical Reagent Co. Ltd.), tetrahydrofuran (THF) (Analytical Reagent, Shanghai Chemical Reagent Co. Ltd.), hydrochloric acid (HCl) (Analytical Reagent, Jiangsu Jincheng Chemical Reagent CO. Ltd.) and methanol (commercially available) were used without any further purification.
Polymerization
A dry glass tube protected against light was filled with NBS, CuBr, bpy and St. After four-fold repetition of a vacuum/nitrogen cycle the tube was sealed under nitrogen and placed in an oil bath thermostat at the desired temperature. At timed intervals of polymerization, the tube was cooled in cold water and the polymerization was stopped. Afterwards, the tube was opened and the contents were dissolved in 20 ml THF, and then precipitated into a large amount of methanol/HCl (100/0.05 v/v). Monomer conversion was determined gravimetrically.
Characterization
Number-average molecular weights and molecular weight distributions of polymers obtained were measured using a Waters 1515 GPC with THF as the mobile phase and with a column temperature of 30°C. Polystyrene standards were used to calibrate the columns. 1 H NMR spectra were recorded in CDCl 3 with an INOVA 400 MHz spectrometer at ambient temperature.
Results and discussion
The bulk polymerization of St initiated by the NBS/CuBr/bpy system was investigated and the results are shown in Fig. 1, Fig. 2 Fig. 1 . From the same figure, it also can be seen that the monomer conversion increased with the reaction time. Fig. 2 shows that the experimental molecular weights increased linearly with monomer conversion with quite narrow polydispersity index (1.23 -1.66) . However, the experimental molecular weights are higher than the calculated ones (M n(th) ), which were calculated as M n(th) = [12] . The efficiency (f) also almost remained unchanged. When we kept the initial concentration ratio of St to NBS unchanged and the concentration ratio of St to CuBr changed from 250:5 to 250:2, the polymerization rate decreased and the efficiency f increased from 0.38 to 0.50. However, the polydispersity of the polymer became broader, M w /M n increasing from 1.23 to 1.45. The effect of temperature on the polymerization was also investigated and the results compiled in Tab. 2. As shown there, the polymerization rate increased with the reaction temperature and the efficiency changed slightly. However, M w /M n of the polymer increased with the reaction temperature, which may be due to thermal polymerization of St [13] . The above results indicate that well-defined PSt with relatively low M w /M n can be synthesized with an NBS/CuBr/bpy initiating system. However, the initiator efficiencies were relatively low in all cases. A similar phenomenon has also been observed in refs. [14] [15] [16] . Some side reactions maybe occurred during the process of polymerization because NBS is a highly regioselective bromination reagent [9, 10] . The methine in the polystyrene adjacent to the benzene ring reacted with NBS and the succinimide was produced, which decreased the concentration of initiator and some graft polymers may be produced [17, 18] as depicted in Scheme 1 (Eq. (5)). (Fig. 3) . The increase in the molecular weight indicated that the chain ends of the obtained macroinitiator are functionalized. However, the final PSt has a higher M w /M n , which may be due to the existence of dead polymer in the macroinitiator.
End group analysis
In order to gain insight into the nature of this new initiating system, the structure of the polymer P St-Br synthesized by the NBS/CuBr/bpy system was analyzed using 1 H NMR spectroscopy and the results are shown in Fig. 4 . The peak at around δ = 4.4 ppm (a) was attributed to the methine proton in the monomer unit adjacent to -Br, -CH 2 C(Ph)H-Br, which was similar to what was reported by Li et al. [19] and Cheng et al. [12] . The signals at chemical shift 2.7 -4.2 were due to the four protons of the pyrrolidine-2,5-dionyl ring in the polymer end. These facts, including the success of chain extension with the ATRP initiating system (Fig. 3) , thus confirm that the polymer obtained had the end-group moieties α-α-pyrrolidine-2,5-dionyl and ω-Br, and that the polymerization should undergo an ATRP process. 
Scheme 1. Supposed polymerization mechanism for ATRP with the NBS/CuBr/bpy initiation system 6
Mechanism of the polymerization
Based on the above information, we proposed the mechanism of polymerization of St, which is depicted in Scheme 1. The mechanism of this new initiating system belongs to conventional ATRP, as proposed by Matyjaszewski and Xia [6] .
As shown in Scheme 1, the redox reaction of the NBS and Cu(I) species results in an α-pyrrolidine-2,5-dionyl radical, which initiates the monomer and produces a monomer radical in the initiating step. The subsequent propagation is well controlled due to a low and stationary concentration of active species resulting from the dynamic equilibrium between the active and dormant species.
Conclusion
As a new initiator, NBS was successfully used to initiate the polymerization of St via an ATRP process. The number-average molecular weights of polymers increase with increasing monomer conversion and the kinetics are first-order in monomer. M w /M n of PSt was as low as 1.23, but the initiator efficiency is not high. The obtained welldefined PSts functionalized with α-α-pyrrolidine-2,5-dionyl and ω-Br as the end groups were characterized by 1 H NMR spectroscopy and used as macroinitiators for chain extension reaction. A polymerization mechanism for this novel initiator was proposed.
